Printed electronics are considered for wireless electronic tags and sensors within the future Internet-of-things (IoT) concept. As a consequence of the low charge carrier mobility of present printable organic and inorganic semiconductors, the operational frequency of printed rectifiers is not high enough to enable direct communication and powering between mobile phones and printed e-tags. Here, we report an all-printed diode operating up to 1.6 GHz. The device, based on two stacked layers of Si and NbSi 2 particles, is manufactured on a flexible substrate at low temperature and in ambient atmosphere. The high charge carrier mobility of the Si microparticles allows device operation to occur in the charge injection-limited regime. The asymmetry of the oxide layers in the resulting device stack leads to rectification of tunneling current. Printed diodes were combined with antennas and electrochromic displays to form an all-printed e-tag. The harvested signal from a Global System for Mobile Communications mobile phone was used to update the display. Our findings demonstrate a new communication pathway for printed electronics within IoT applications.
rinted electronics is the use of conventional printing techniques for patterning materials (semiconductors, conductors, insulators) and manufacturing electronic components onto a wide range of flexible and organic substrates, such as paper, plastic foils, and labels (1) . A vision for printed electronics is to provide an electronic label (e-label) for the Internet of things (IoT). For many targeted IoT applications, it would be of great importance if a smartphone operating in the ultra-high-frequency (UHF) band (300 MHz to 3 GHz) could communicate directly with, or even power up, all-printed e-labels, and thereby serve as a communication base with e-labels as the outposts of the Internet. In pursuit of this goal, it is desirable to find low-cost and low-temperature manufacturing processes for UHF electronics to be compatible with organic carriers that are sensitive to high temperature.
One of the key electronic devices is the diode, which is widely used in a variety of circuits such as rectifiers, voltage multipliers, and charge pumps, for applications such as AM radio and other types of receivers (2) , and for energy harvesting circuits to extract energy from radiofrequency (RF) electromagnetic waves (3, 4) . Printed circuits and devices such as diodes, capable of operation in the UHF band, will be a cornerstone in interfacing mobile telephony and printed functional objects, i.e., a "thing" in the IoT.
Until now, various diodes and transistors have been printed using either organic (5-10) or inorganic (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) semiconductors. Organic semiconductors are promising candidates for printed electronics due to their solution processability, which enables printing manufacturing of devices and circuits in an all-in-line production scheme. The charge carrier mobility of organic semiconductor thin films is directly related to the resulting operating frequency of the diode (25) . High charge carrier mobility up to (10) 9.0 cm 2 ·V −1 ·s −1 has been obtained for highly crystalline organic semiconductor films created via a vacuum deposition technique. Following the demonstration of a pentacene-based rectifier operating in the high-frequency range (∼50 MHz) (25) , only a few studies have reported on the potential of organic diodes for UHF applications. However, all of these require vacuum deposition techniques: organic PIN diode with a cutoff frequency of 100 MHz (6), C 60 -metal oxide diode with a cutoff frequency of 800 MHz (5) , and pentacene diode operating up to 870 MHz (9) . Charge carrier mobility values above 1 cm 2 ·V −1 ·s −1 are challenging to achieve via solution processing techniques. Utilization of printing techniques for the fabrication of organic diodes leads to many technical challenges including the loss of molecular order that is a prerequisite for high mobility. State-ofthe-art printed organic diodes operate below 10 MHz (7) .
In case of inorganic materials, the cutoff frequency depends on the mobility and the concentration (11) of the charge carriers. Thus, another strategy for printed UHF electronics would be to consider conventional inorganic semiconductors comprising high mobility and carrier concentration and modify the processing method to make it compatible with low-temperature processing and traditional printing techniques (13) . One way to achieve this is to use nanoparticle semiconductor inks, a route that was successfully used to demonstrate fully printed rectennas, however presently limited to an operational frequency of 13.56 MHz (16) . With advances in chemistry and nanotechnology, solutionprocessed inorganic semiconductors are now available (23, 24) . Using such materials, solution-processed films can be prepared through coating or printing processes. However, to improve the conductivity they usually need drastic or even extreme thermal
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See Commentary on page 11917. 1 treatments (high-temperature sintering or laser annealing), which are not compatible with flexible substrates such as poly (ethylene terephthalate) (PET) and paper (12, 14, 15, (17) (18) (19) 26) . One solution suggested for dealing with this problem is to fabricate the device on a high-temperature tolerant substrate first and then transfer it onto a flexible substrate. PIN diodes with a cutoff frequency of 1.9 GHz (22) and transistors with a cutoff frequency of 2.04 GHz (21) on flexible substrates have been developed using this method. However, this technique involves several steps, some that are certainly too complicated and time consuming for being feasible and cost-compatible with industrial mass production processes. However, another recent strategy involving inorganic semiconductors is a low-temperature aqueous route for fabrication of thin-film transistors on plastic, yielding an average mobility of 2.6 cm 2 ·V −1 ·s −1 (20) . One of the major challenges remaining here is to control the doping level via low-temperature chemical growth.
To the best of our knowledge, all-printed UHF devices, such as transistors and diodes, achieved on flexible substrates, have so far not been demonstrated. With such a technology at hand, direct communication and powering between a cellular phone and printed e-labels would become possible.
Here, we use silicon (Si) microparticles (μPs) in an organic binder as a screen-printable semiconductor composite, which is sandwiched between electrodes to form a diode. This allows us to directly profit from the combination of the high charge carrier mobility of the Si-crystal bulk (up to 1,400 cm 2 ·V −1 ·s −1 for undoped Si), and the ability to use conventional printing processes. As a consequence, the printed Si-diode on a flexible substrate operates up to 1.6 GHz, i.e., within the UHF range. In fact, the energy harvested from the antenna of a mobile phone working in the Global System for Mobile Communications (GSM) band, while making a call, can be rectified using our printed Si-diode to power a printed electrochromic polymer display. This demonstrates the first (to our knowledge) direct communication between an all-printed e-label and a cellular phone.
Results and Discussion
To successfully use the printed diode, based on Si μPs, in future IoT applications, a simple and high-throughput manufacturing process is needed. This forces us to consider well-established production techniques that makes use of manufacturing steps performed at low temperatures, in the ambience of a traditional printing house and that are compatible with common flexible plastic and paper substrates. Moreover, for communication at very high frequencies for power and signal transfer, the Si-diode must possess a very fast response to a voltage pulse while a large current rectification ratio is not as crucial as it would be in applications such as active matrixes. Hence, tunnel diodes and Schottky diodes are more appropriate than p-n diodes, because of their advantages in high-speed operation (27, 28) .
We used ball milling to crush a Si wafer into Si particles in air. Due to air exposure, the particles form a natural oxide shell layer. As long as the thickness of this insulating shell layer in a metal-insulator-semiconductor (MIS) diode is less than 50 Å, the device should behave as a Schottky diode (28) . Films fabricated from the Si μPs in an organic binder were studied using Xray photoelectron spectroscopy. The Si 2p core level was probed to obtain an estimate of the thickness of the SiO 2 outer shell covering the Si μPs, using the relative intensities of the Si 2p features (pure silicon, low binding energy peak) and silicon oxide (high binding energy peak), (Fig. 1A) . The part of the Si 2p spectrum related to pure silicon showed an asymmetry (small shoulder) on the low binding energy side and lacked the expected distinct spin-orbit splitting, which we attribute to charging effects because not all of the Si particles in the film belong to a percolated network and thus will not maintain charge neutralization during the photoemission experiment. The Si 2p feature belonging to pure silicon was hence fitted (using a Shirley background) with two peaks and the silicon oxide feature with only one. The latter is the standard approach even for crystalline silicon films (29) . Assuming random order of the Si μPs in the film, we can exclude photoelectron diffraction effects and the oxide thickness d oxy is then equal to 1.27 nm, following the procedure in ref. 29 and using a photoelectron effective attenuation length λ oxy = 2.96 nm for the native silicon oxide.
When considering the size of the Si particles, it is important to remember that the electron mobility decreases considerably with the size of the Si crystalline domains (1) because the wave function of the electron scatters at interfaces. Hence, the Si μPs are integrated in a polymer binder (SU8) to achieve a layer of less than 5 μm in thickness and ensure that the electronic charge carrier path between the two electrodes, sandwiching the Si layer, will pass through only one or just a few individual Si μPs. The measured size distribution of the Si particles is given in Fig. 1B . To localize the current limitation of the diode to the Si particle/electrode interfaces, we choose n-doped crystalline Si, with a doping level of ∼10 18 cm
, due to its high mobility and conductivity characteristics. The Si μPs are introduced along the surface of the SU8 precursor layer.
In the most simplified version, a diode device would be composed of n-Si μPs sandwiched between two electrodes ( Fig. 2 A,  I ). Compared with conventional MIS tunnel or Schottky diode, the geometry proposed is equivalent to two front-to-front connected MIS diodes. If the two MIS diodes are identical, very low current should pass through the structure in either forward or reverse bias. This is the case for a device composed of Si particles, with their natural oxide (thickness, ∼12.7 Å), in SU8 sandwiched between two aluminum electrodes ( Fig. 2 A, I ). The measured I-V characteristics (Fig. 2B ) for this device show a low current level of around 10 −7 A and practically no current rectification. To introduce current rectification (asymmetric device structure) in the I-V curve and to increase the current density, we replace the top Al/Al 2 O 3 electrode with an oxide-free conductor. As a first candidate, we include conducting carbon that is easily printable in the form of a screen-printing paste ( Fig. 2 A, II). The top MIS contact diode includes only the thin silicon oxide layer (thickness, ∼12.7 Å), whereas the bottom contact diode combines both the silicon and the aluminum oxide layers [thickness, 10-30 Å (30, 31)], coupled in series. However, because the carbon paste can penetrate through cracks in the Si-in-SU8 layer, creating short circuits, the yield of this manufacturing process is rather low (31%). Devices with high leakage currents, with charges running along the penetrating carbon contact directly to the aluminum bottom contact, all have a high current density (>10 −4 A) and an ohmic current vs. voltage behavior without any rectification (dashed curve, Fig.  2B ). To suppress the possibility for the carbon top contact to penetrate the Si μP-in-SU8 layer, we added a second similar layer on top of the first layer after cross-linking. With this thicker Si μP-in-SU8 layer, short circuit effects were significantly reduced as indicated by the lower current level (III in Fig. 2B ), but unfortunately the current density and rectification ratio are both too low for practical applications. We conclude from these experiments that the required additional layer should be an oxide-free conductor that is printable on top of the first Si-in-SU8 layer. Hence, we turn our attention to metal silicide, a family of highly conducting materials that are known to be resistant to oxidation (32, 33) . We ground NbSi 2 powder into microparticles, targeting a similar average μP size as for the Si μPs (Fig. S1) , and then printed a NbSi 2 -in-SU8 layer (less than 5 μm) on top of the Si-in-SU8 layer. The device was then finalized by printing a carbon paste top electrode (Fig. 2 A, IV) . Only 6% of these devices are short circuited, 50% of them have a rectification ratio lower than 10. Hence, 44% of the carbon:NbSi 2 -in-SU8: Si-in-SU8:Al diodes have a rectification >10, and of those, all devices show a cutoff frequency above 0.4 GHz. For a statistical comparison between the different structures shown in Fig. 2 A, II-IV, batches of 16 devices were manufactured for each of them. It is clear from these statistics that structure IV has the best yield and performance (for a summary, see Table S1 ). The rectification is measured at 1 V; the amplitude required for demonstrating the concept of an e-label in this paper.
The cross-section of the final structure of the device is schematically illustrated in Fig. 3A . The fabrication process starts with screen printing of dry Si particles on top of an inkjet-printed SU8 layer deposited on an Al substrate. The particles are then pressed down with a laminating machine to contact the Al substrate through the binder. The dry NbSi 2 particles are screenprinted via a similar process. The SU8 binder is cross-linked at the end of each step. To finalize the diode, the carbon and Ag inks are subsequently screen-printed and cured. The reason for adding the carbon contact is to form a contact for the NbSi 2 particles, whereas the extra Ag layer is printed to further increase the conductivity of the top contact. An SEM cross-section of the resulting device together with a top view is provided in Fig. 3 B-D .
The average I-V curve based upon 16 representative samples is shown in Fig. 4A . A threshold current of 3 μA is defined as the limit between on and off states of the diode because this is the minimum current needed for switching an electrochromic display in a reasonably short time (tens of seconds). According to this definition, the average turn-on voltage is about 1 V. The random distribution of particle sizes and distances and consequently the insulator thickness in the path of charges will result in some variation of the device characteristics, yielding a range of turn on voltages for different devices and a very low current amplitude for a percentage of the fabricated devices (that are discarded). The surface area of the samples ranges from 2 × 10 4 to 8 × 10
We report the resulting current amplitude rather than the current density, because the current in the device is not homogenously distributed over the whole surface area of the contacts and the μP-in-SU8 layers but rather follows a current filament dynamics. Therefore, the current level does not scale linearly with the surface area, at least not for the small variation of the active device areas we use in our experiments (see further Fig.  S2) . By increasing the area of the diodes, the risk for short circuits due to the cracks or pinholes of the binder increases and also the operational bandwidth of the device decreases because the value of the parasitic capacitance is directly related to the surface area.
The average frequency response of a typical sample measured by applying a 3-W input signal is shown in Fig. 4B . The estimated cutoff frequency (half power point) of the device is about 1.6 GHz.
After discarding devices that exhibit low current characteristics or a poor current rectification ratio, 77% of the remaining samples show a cutoff frequency higher than 1 GHz, and 33% exhibit a cutoff frequency of around 1.6 GHz. DC performance measurements have been repeated after 2 y on a batch of 30 devices. At 2 V, where all of the devices are certainly in "on" stage, 60% of the samples retain more than half of their initial current and 64% of them retain more than half of their initial rectification ratio. To investigate the reliability of the devices further, one of the devices was left running with 1-GHz input for 1 h, which is 3.6 × 10 12 cycles. No decrease of the output signal was detected. Considering that these devices were not covered or encapsulated, the above data indicate a high reliability.
As shown above, the operational frequency of our printed diode reaches 1.6 GHz. The output signal of a mobile phone working in the GSM band, captured by a receiver antenna, could thus in principle be rectified by our diode to produce a DC voltage, which can be used to power printed electronics, such as an electrochromic display indicator. To evaluate our printed diode in such an application, a simple integrated circuit was manufactured. The fully printed circuit was manufactured on a PET label substrate and includes an Al-foil antenna, our diode, and an electrochromic polymer (EC) display (34), based on poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (Fig. 5) . The antenna is designed to capture the electromagnetic signal of a mobile phone working within the GSM band. The signal transmitted from the mobile phone, while making a call, is transferred to the antenna of the label and then rectified by the diode and used to power the switching of the EC display. The A B maximum power produced by the mobile phone reaches 2 W, but only a fraction of the emitted energy can be forwarded to the diode due to the path loss in wireless signal transfer. Despite this, the diode rectifies the signal and produces a DC voltage enough to switch the EC display. DC measurements show an average current of 19 μA at 2-V forward bias, and a rectification factor of about 100 at 1 V. The cutoff frequency of our diodes is around 1.6 GHz, and the transmission frequency of the GSM phone is located at 1.8 GHz. Despite this, there is still enough energy transmitted to the antenna and rectified by the printed diode to enable a swift switch of the printed EC display element. At optimum conditions, it takes less than 10 s to switch the color of the EC display indicator from transparent (Fig. 5A ) to dark blue (Fig. 5C ). The full switching of the printed electrochromic display can be viewed in Movie S1.
The semilogarithmic I-V characteristics of the device, recorded at temperatures ranging from 150 to 325 K, are displayed in Fig. 6A . The UHF operation indicates that the rectification mechanism, more specifically the enhancement in current above 0.5 V in forward bias (Fig. 6A ) is due to a very fast charge injection or displacement process, possibly tunneling (35) . Note that the current below 0.7 V in forward bias and at all voltages in reverse bias is strongly dependent on the temperature. Conversely, above 0.7 V in forward bias, the current level is higher and is almost entirely temperature independent (Fig. 6A ). This is a feature that is characteristic for Fowler-Nordheim (FN) tunneling current (28) .
Because the oxide thickness between the Si particles and NbSi 2 particles is thinner than the one between the Si particles and the Al electrode, we believe that current is primarily limited by the energetics of the Al-Si contact. This kind of MIS stack has been studied theoretically and experimentally with a precise control over the growth process and layer thicknesses in the past (36) (37) (38) (39) (40) (41) (42) (43) . However, the numerical values calculated for different parameters in previous studies cannot be directly used for modeling and comparison here, because our device has a much different structure that includes particles with random shapes, oxide layers with inhomogeneous properties and the organic binder. Although all of the theory regarding modeling of semiconductor devices is based on planar contacts, we believe with some simplifications the behavior of the device can be approximated using classic semiconductor models. Due to the presence of surface states at the Si-SiO 2 interface, the Fermi level of Si is pinned and the barrier height cannot be calculated from the difference between the work function of the metal and the electron affinity of Si [as it would be in case of an intimate contact between metal and semiconductor (28)]. A schematic illustration of the band diagram of the Al-Si contact is given in the Inset of Fig. 6A incorporating values for the Si/SiO 2 and Al/Al 2 O 3 barrier heights (3.1 and 2.8 eV, respectively) (44, 45) . Applying a positive bias to Al lowers E F of the metal compared with Si and thus bends the semiconductor bands downward, causing the barrier height for the charges to decrease. If the thickness of the insulator layer is below 50 Å, direct tunneling may occur. The current in this case would follow the thermionic emission model multiplied by the tunneling probability factor. We assume that direct tunneling occurs at low voltages at the contact area between the Si particles and the soft Al film primarily across thin oxide paths because none of the other tunneling mechanisms can produce the current levels as high as we obtain in the device with this range of voltage. At higher voltages, the current can also pass through insulating regions with slightly larger Si-Al distance, as illustrated in the Inset of Fig. 4A , via other tunneling mechanisms, mainly FN and Frenkel-Poole (FP) (46, 47) . Moreover, in addition to the surface states at the interface between the semiconductor and the insulator, there are other trap states in the insulator layers and at the interface between the insulators that can affect the current. However, based on the fact that the current is temperature independent at high voltages, we believe that FN tunneling is the dominating mechanism. Therefore, a simplistic model based on direct tunneling at low voltages plus an FN tunneling that is added up at high voltages is presented here. Although other mechanisms such as FP tunneling can certainly be responsible for part of the current, especially in the intermediate voltage range, we refrain from attempting a model including all possible current mechanisms because the number of variables would be too large.
The current vs. voltage evolution for FN tunneling can be expressed as follows (28, 48) :
where C 1 and C 2 are functions of the electron effective mass and the tunneling barrier. The Schottky model, based on the thermionic emission theory (28, 49) , reproduces very well the experimental data for the low-voltage region where FN current is negligible (the dashed line in Fig. 6 B and C), but it deviates from the data as the voltage increases. A combination of thermionic emission and FN current (the dotted line in Fig. 6 B and C) reproduces our measured I-V evolution at high voltages. In the two-tunneling transport mechanism model, the total current-voltage relation of the device can be expressed as the linear combination of the tunnel assisted thermionic current (49, 50) (first term) and FN tunneling current (second term): 
where α 1 and α 2 are constants representing the relative contribution of each tunneling mechanism to the total current and I 0 is the reverse saturation current, which is given by the following:
where Φ b is the barrier height, A is the surface area, and A* is the effective Richardson's constant. This model fully reproduces the temperature evolution of the I-V characteristics in forward bias (for plots, see Fig. S3 ).
The tunnel-assisted thermionic forward bias current of a nonideal diode is characterized by the series resistance R s and the ideality factor n (k is the Boltzmann's constant, q is the electronic charge). In our case, this current should be multiplied by a tunneling probability factor T t . To extract the diode parameters, we started with determining the thermionic emission current parameters at the low-voltage range, where the FN tunneling current is negligible. The procedure to extract those parameters is explained and outlined in detail in SI Text. The values of n, R s , and Φ b at room temperature are found to be 2.9, 0.3 MΩ, and 0.21 eV, respectively. The coefficient of the thermionic emission part of the current, T t AA* is calculated to be 3.88 × 10
. Both barrier height and ideality factor are temperature dependent. As the temperature increases from 150 to 325 K, the ideality factor decreases from 4.4 to 2.8 and the barrier height increases from 0.15 to 0.22 eV. Typically, a low barrier height is expected in an Al/n-Si contact and the high values of the ideality factor are expected due to the existence of the oxide layer (51) .
In summary, we demonstrated a printed diode with a vertical structure operating in the UHF band. DC measurements show an average current of 19 μA at 2-V forward bias, and a rectification factor of about 100 at 1 V. The lifetime of the device is more than 2 y. According to the measured frequency response of the diodes, their cutoff frequency is around 1.6 GHz, but they still have an output high enough to switch a printed organic display at the GSM frequency 1.8 GHz. These diodes can be used in a simple circuit to rectify an AC signal and convert it to DC, and because they can operate at GSM frequencies, it is possible to simply use the signal of a mobile phone as the AC input signal source. The diode together with an antenna can be used to switch a printed organic display using the signal of an ordinary mobile phone.
Materials and Methods
The silicon powder is prepared using a Sb-doped silicon wafer with a resistivity of 0.01-0.02 Ω·cm. First, a 4-inch wafer is broken into small pieces using a hammer. Then the parts are ball milled at 300 rpm for 16 h in RETSCH PM 100 Planetary Ball Mill. The largest particles are separated away from the powder dispersed in acetone by gravity sedimentation in a cylinder tube. After this step, more acetone is added, and the dispersion is centrifuged with MSE Mistral at 130 × g for 10 min. The suspension that contains the smallest particles is discarded, and the bottom sedimentation is collected. The average size of the particles in the resulting powder is about 0.7 μm, but also includes particles with a size of up to 5 μm and lots of small particles below 0.5 μm; the smaller particles probably do not contribute to the current in the device but neither will cause any major performance degradation.
For fractioning of the niobium silicide powder, first 20 g of niobium silicide (99.85% metals basis) powder is mixed with 8 g of cyclohexanone and ball milled for 16 h in RETSCH PM 100 Planetary Ball Mill. Afterward, gravitational sedimentation and centrifugation are used to separate the smallest particles away from the rest of the powder having a targeted average size similar to the silicon μPs.
The device is printed on top of an Al electrode on a PET substrate and connected to another Al electrode next to the first one via conductive carbon paste. The aluminum substrate pattern is prepared by photolithography from a 50-nm-thick aluminum evaporated on PET foil. The photoresist SU8 2010 is diluted with isopropanol to 15% (wt/wt) and screen printed on the aluminum electrode as a binder holding the silicon particles. The silicon particles are then screen printed on top of the SU8 layer. The particles are pressed using a lamination machine with a pressure of 3 bar to make an intimate contact with the aluminum layer. The sample is then exposed to UV light for 1 min and heated at 95°C for 2 min to solidify the SU8. A layer of NbSi 2 particles with an average diameter size of 0.7 μm is screen printed onto a second layer of SU8 on top of the first Si layer in the same manner. To finalize the device, carbon paste is screen printed on top of the NbSi 2 -in-SU8 layer to provide a bridge to an aluminum contact pad used for probing. After curing the samples at 105°C for 5 min, a layer of Ag paste is screen printed on top of the carbon to further decrease the impedance of the bridge. The structure of the final device is illustrated in Fig. 3 C and D . The surface area of the printed Si layer is 2 × 10 4 to 8 × 10 4 μm 2 .
DC measurements of diode performance are made using an Agilent 4155B Semiconductor Parameter Analyzer. For high-frequency measurements, a single harmonic signal is generated using an Agilent 8665B signal generator and applied to the device using a Cascade Microtech Air Coplanar Probe (ACP). The output signal from the device is then transferred to a low-pass filter using another ACP. The DC level of the output signal is measured using a Tektronix TDS 3034 oscilloscope with 1-MΩ load while the frequency of the input signal is swept between 10 MHz and 6 GHz. When the operational frequency reaches the HF and UHF range, the system should be analyzed according to transmission line theory. One of the most important problems with this kind of measurement is the signal reflection at several points in the circuit where the impedances of the two sides of a junction are not matched. In our case, the main cause of the signal reflection is the device itself, because it is a nonlinear device with an unknown and obviously frequencydependent impedance, whereas the rest of the circuit (cables and probes) has an impedance of 50 Ω. Hence, the output signal fluctuates as the frequency increases. Because it is impossible to completely eliminate the signal reflections in the wide range of frequency, we repeated the measurement with several combinations of 1-dB attenuators and RC loads (R = 50 Ω and C = 100 pF) in the junctions with highest reflections, trying to diminish the reflected signals. One of the measurement setups used for high-frequency measurement is shown in Fig. S4 . Despite the fact that the fluctuations in the V out vs. frequency vary depending on the measurement setup, all of them show a similar trend, which is interpreted as the actual frequency response of the diode using an averaging approach. For characterization of the temperature dependence of the current, the samples were probed in a cryogenic probe station and the I-V characteristic was measured using a Keithley 4200 semiconductor characterization system. X-ray photoelectron spectroscopy (XPS) was carried out on ex situprepared samples using a monochromatized Al Kα (hν = 1,486.6 eV) X-ray source and a Scienta-200 hemispherical analyzer. An electron flood gun was used to neutralize the sample during the XPS measurements due to the low conductivity of the sample. The reference energy position in the XPS spectra has been the C 1s peak, where the lowest binding energy of C 1s was set to 284.8 eV (52) .
For characterizing the size distribution of the Si μPs, the particles were dispersed in hexamethyldisiloxane to form a hydrophobic shell, preventing them from sticking to each other. The dispersion was then cast on an Al substrate and dried. A number of SEM images were taken, and particle size analysis was performed for each image using the online tool SIMAGIS live for image analysis. The size distribution data of all of the images was gathered to generate the final size distribution statistics.
